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Abstract 
 
The purpose of this project is to gain an improved understanding of the transformations that 
occur in the subsurface downstream of on-site wastewater disposal systems and septic 
systems. These systems are used widely throughout the United States to treat and discharge 
wastewater effluent.  The approach involved the collection of samples from a septic research 
center in Cape Cod, MA, and analysis of these samples for nitrogen, phosphorus, dissolved 
oxygen, pH, alkalinity, suspended solids, metals, and other water quality parameters. Inverse 
modeling was used to compare samples collected upstream and downstream of subsurface 
“leaching” fields consisting of sand beds.   This approach provided a basis to identify key 
reactions occurring in the subsurface downstream of the discharge.  In addition, a reactive 
transport software package, based on the PHREEQC and Hydrus-1d models, was used to 
model the transport in these sand beds and identify possible reactions and changes in 
contaminant concentrations with depth.  To understand the implications of the discharges, an 
additional field study was completed in an area where septic systems have impacts on surface 
waters.  Samples collected from a stream provided an indication of the loads entering the 
stream as a result of septic system discharges.  Combining the results from the modeling with 
the results of this field investigation provided an approach to estimate the transport of 
nutrients and other contaminants entering the surface waters from septic system discharges.  
The results provide a basis for understanding the impacts of septic systems on surface waters, 
and develop better approaches for reducing the impacts of these discharges. 
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1.0 Introduction 
According to a survey by Solley and others (1993), more than one-half of the nation’s 
population uses groundwater as its drinking water source. In a number of cities and 
communities, people even use groundwater as their sole source. In 1990, groundwater use 
accounted for 96 percent of water supplied by self-supplied systems for domestic use and 39 
percent of water supplied by public use. (Nolan and others, 1988) 
 
From these surveys, it is clear that groundwater is an important source of drinking water. Even 
though groundwater has been tapped for thousands of years, people have only begun to 
understand its importance in recent years. For example, subsurface wastewater disposal 
facilities, including regional facilities and on-site systems, commonly discharge wastewater 
into the groundwater.  On average, one in four households in the United States uses a septic 
system to process household wastewater. In Massachusetts over 30 percent of homes use 
septic systems for their purpose. These discharges can impact groundwater and surface water, 
often impacting water supplies. 
 
After many years of observation, water from septic systems has been found to be a major 
source of pollution in many groundwater aquifers. For residents who have with septic 
systems, this has become a major concern. There are two reasons. First, sometimes these 
systems are not monitored and do not work well. Since there is no uniform emission control, it 
is also difficult to monitor these discharges for individual use. Therefore, when the systems 
inadequately function or fail, it is seldom known. Second, the septic systems rely on soil 
adsorption to remove contaminants. However, many factors such as climate, soil type and 
chemistry, hydraulic conductivity and others will influence the efficiency of the soil 
adsorption and contaminant removal. 
 
Some water quality constituents of concern in these septic system discharges include nitrogen, 
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phosphorus, metals, chloride, sulfate, and other chemicals. Wastewater from septic systems 
may include many kinds of contaminants including nitrates, harmful bacteria and viruses 
which are dangerous to both environment and public health. Many of the characteristics of 
wastewater transformations and processes in the unsaturated and groundwater aquifers zone 
have been investigated by Wilhelm (1994a and b) and others as well. Septic systems rely on 
the unsaturated zone in the soil which acts as a natural buffer to remove the contaminants 
from wastewater during physical, chemical and biological processes. Whether the effluent 
from these on-site systems is safe or not will mostly depend on the efficiency of soil and the 
unsaturated zone in the soil. When monitoring the discharges from the effluent of soil 
absorption systems, some researchers have found that conventionally-designed septic systems 
only have a net nitrogen removal capability of 21-25 percent. The effectiveness of removal of 
other contaminants will also affect water quality in streams. Therefore, it is necessary to 
determine the parameters which control the efficiency of the septic systems. 
 
The purpose of this project is to understand the transformations that occur in the subsurface 
downstream of on-site systems. The overall approach included consideration of on-site 
systems over two scales. One scale was at the sub-watershed scale, with consideration to the 
impacts of these systems on water quality in streams. At location in the town of Acton, MA, 
there were concerns about the impacts of these systems on a local stream. Therefore, a set of 
surface water quality samples was collected to characterize these impacts, and to assess the 
potential impacts of on-site disposal on the stream quality.  
 
The second scale was at the septic system scale, which focused on transformations in a single 
septic system. The septic system considered was located at the Cape Cod Alternative Septic 
System Test Center. A field program was developed to test water quality upstream and 
downstream of a leaching field (sand bed) receiving discharge from a septic tank.  Since the 
field program made use of sand beds that were used as controls, it was not directly associated 
with other on-going evaluations at the site.  Water analyses include dissolved oxygen, pH, 
alkalinity, TSS, metals, etc. The inlet and outlet sample, the effects of the unsaturated zone 
could be identified.  First, the field data were incorporated into an inverse model associated 
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with the PHREEQC software package. This provided on approach for identifying these 
processes. Next, these results were used to develop an advective model using the HP1 
software package, a package that combines the PHREEQC and HYDRUS-1D programs.  
After finding the trends associated with concentrations of the contaminants at different soil 
depths, in the implications were assessed with consideration to the relationship of this model 
with the sub-watershed scale, with consideration to the location in Acton where the residents 
rely on the septic systems. While the advective model included a number of simplifying 
assumptions when defining the processes, it provides a first step the development of more 
advanced models.  The approach also provided a better understanding of the amount of 
contamination entering into the groundwater system.  Therefore, the approach provides a basis 
for additional research to assess the nitrogen concentrations and loads in groundwater and 
surface water, and gain a better understanding of the transformations downstream of on-site 
disposal systems.  Some background literature to introduce basic concepts related to on-site 
disposal and nutrient discharges is provided in Chapter 2. Next, the methodology for the field 
analyses and model simulations is provided in Chapter 3. The results for the Cape Cod and 
Acton field programs are presented in Chapter 4. Finally, the results are summarized and next 
steps are considered in Chapter 5. 
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2.0 Background 
In order to understand nutrient transport and transformations, it is necessary to understand the 
basics of nutrient and contaminant transformations in groundwater, along with the basic water 
quality standards and the method used to treat effluent discharge by on-site systems.  
 
Nutrient contaminants are discussed in Section 2.1. Section 2.2 provides a brief introduction 
to groundwater systems. Water quality standards are introduced in Section 2.3 and measures to 
control nutrient are provided in Section 2.4. Section 2.5 includes an introduction to common 
water quality parameters. Traditional septic systems and alternative septic systems are 
presented in Sections 2.6 and 2.7, respectively. In addition, the role of the unsaturated zone 
and the related principles are discussed in this chapter, along with the relationship between 
these principles and on-site treatment systems.  
2.1 Nitrogen and phosphorus in groundwater 
   The According to Nolan and Stoner (1995), nitrogen (N) and phosphorus (P) concentrations in 
groundwater are variable and depend on inputs, soil and aquifer type, aquifer permeability, 
groundwater recharge rate and climate. The main anthropogenic sources of nitrogen and 
phosphorus come from commercial fertilizer, manure and wastewater, including on-site 
system. (Appelo and Postma, 1993) This research addresses introduction of nitrogen and 
phosphorus from wastewater effluent discharges. 
2.1.1 Nitrogen in groundwater                         
Nitrogen is present in several forms in groundwater, including dissolved organic and 
inorganic forms. Inorganic forms mainly include nitrate, nitrite and ammonia. A number of 
references provide complete overviews of nitrogen in the environment. (e.g. Canter, 1997; 
Rivett and others, 2008) Nitrogen in groundwater from anthropogenic sources is generally 
supplied in the form of nitrate, because ammonia is nitrified in the unsaturated, oxygen 
abundant zone (Jordan et al., 1997). A large amount of ammonia could only be observed in 
13 
 
aquifers where it is a saturated, anoxic zone. (Ceazan et al, 1989)  At many locations 
throughout the United States, wastewater discharges have resulted in contaminated 
groundwater plumes with high concentrations of nitrogen.   The processes involving 
dissolved carbon and nitrogen compounds have an important effect on the long-term 
persistence of these plumes. (Repert et al., 2006)  
 
Figure 1 Nitrogen Cycle (Pidwirny, 2008) 
 
2.1.1.1 Dissolved organic nitrogen (DON) in groundwater 
Dissolved organic nitrogen is the predominant form of nitrogen in river. In general, DON 
occupies about 72 to 97 percent of the total dissolved nitrogen (TDN), and varies 
considerably in groundwater. The DON dynamics are possibly affected by mineralization, 
assimilation, leaching, and plant uptake in the soil zone. Organic nitrogen is stored mainly 
in the catchment area of agricultural soils. There is a steady leaching of DON from the soils 
to the alluvial aquifer below. It is reported that there is high potential for DON to function 
as a source of nitrate in the saturated zone of aquifers since it is an essential nitrogenous 
substrate for nitrifies in aerobic aquifers. 
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2.1.1.2 Inorganic nitrogen in groundwater 
Nitrogen is present in various forms in groundwater, depending on the availability of 
dissolved oxygen. The common forms of inorganic nitrogen include ammonium, nitrite, and 
nitrate and nitrogen gas. The processes affecting these species have been addressed by a 
number of investigators. (e.g. Lorite-Herrera, 2009; Canter, 1997) 
 
In locations with abundant dissolved oxygen, nitrate is the principal form of nitrogen in 
groundwater because ammonia is oxidized to nitrate by aerobic bacteria. In locations with 
limited oxygen, the concentrations of nitrate tend to be low because nitrate is reduced to 
ammonia or nitrogen gas by bacteria when sufficient organic materials are present. 
 
In general, concentrations of dissolved ammonium and nitrite in groundwater are very low. 
Nitrate is the dominant form of dissolved inorganic nitrogen. Nitrate is of concern because it 
is soluble in water and easily passes through soil and seeps into the groundwater system. 
What is even worse is that nitrate can accumulate and persist in groundwater for many 
years. (e.g. Beckman and others, 1998; Canter, 1997) 
2.1.2 Phosphorus in groundwater  
  Phosphorus in groundwater is mainly present as the form of inorganic dissolved phosphorus 
(PO4
-). Where there is abundant oxygen, dissolved phosphorus is removed from groundwater 
through sorption to iron-oxides or co-precipitation with dissolved aluminum, calcium or 
iron.  Some of the associated mineral phases include varisite (AlPO4·2H2O), hydroxyapatite 
(Ca5(PO4)3(OH)), vivianite (Fe(PO4)2·8H2O), strengite (FePO4·2H2O) and rock-bridgite 
(Fe5(PO4)3(OH)5). (Roberson, 1995). Under anaerobic conditions, phosphorus removal is 
less efficient and PO4 usually precipitated as hydroxyapatite or vivianite (Slomp, 2004). 
Therefore, in areas in which septic systems are located relatively close to lakes, mineral 
precipitation reactions probably play an important role in determining the ultimate impacts 
down-gradient.  For example, according to the assumptions of Slomp (2004), a septic system 
plume in Cambridge over a 7-year period even showed the existence of a steadily expanding 
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dissolved phosphorus plume zone in which phosphorus concentrations persisted from 2 to 5 
mg/L. Colman (2004) also showed that phosphorus discharges associated with septic 
systems can be transported in groundwater.  Colman’s research included the development of 
response curves to characterize transport.  
2.2 Groundwater discharge to streams 
In addition to its importance in relation to our drinking water system, groundwater is also 
important in relation to surface water systems such as streams, rivers, ponds and even the 
ocean, since it supplies a significant amount of water to these water bodies. The underlying 
rock type and physiographic settings will influence the amount of groundwater discharge 
to streams, with a range in different streams of 16% to 92% (Bechman et al., 1998). 
Annual precipitation also influences the amount of groundwater contributing to stream 
flow. In dry years, there usually exists a higher contribution of ground water to total flow, 
while in wet years direct runoff contributes a greater amount. On the whole, variations in 
annual precipitation result a fluctuation of 10 to 20 percent for groundwater entering total 
stream flow. 
 
Figure 2 Groundwater Discharge to Stream (Phillips et al., 2005) 
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2.3 Water Quality Regulations 
2.3.1 Drinking Water Standards 
 Drinking water standards are maintained for the protection of public water supply systems. 
The federal government has established regulatory standards for over 100 chemical and 
microbial contaminants in drinking water. The Safe Drinking Water Act (SDWA) authorizes 
the Environmental Protection Agency (EPA) to establish national health-based standards 
which concern public exposure to microbiological, chemical and radiological contaminants. 
At present, SDWA regulations apply to approximately 170,000 public water systems 
throughout the US. (EPA, 2011)  Many states also have established their own standards which 
are at least as stringent as the federal standards. Additional guidelines on drinking water 
quality are provided in the World Health Organization (WHO, 1996). 
    
 EPA sets two types of standards for public water systems. One type is referred to as primary 
standards which provide maximum contaminant levels (MCLs) to prevent adverse health 
effects. The other type is referred to as secondary standards which provide secondary 
maximum contaminant levels (SMCLs) as guidelines rather than enforceable limits based on 
aesthetics such as color and odor. These contaminant levels are considered not pose a risk to 
human health. If a primary standard is exceeded, consumers must be notified.  
  
The SDWA requires EPA to promulgate National Primary Drinking Water Regulations 
(NPDWRs). That is to specify enforceable maximum contaminant levels (MCLs) or 
treatment techniques for drinking water contaminants. NPDWRs include requirements for 
water monitoring, analysis and quality control to ensure that the drinking water system is in 
compliance with the maximum contaminant level. The Ground Water Rule (GWR) is 
intended to identify ground water systems which are at high risk of fecal contamination. 
GWR was issued as a final regulation in 2006.  These regulations are important 
considerations with respect to wastewater discharges and the protection of water supplies. 
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2.3.2 Regulations for on-site waste water systems 
 Regulations for onsite waste water systems have developed greatly over decades.  For 
example, in 1983, the Central Coast Water Board in California began to adopt new rules for 
septic systems.  Those rules suggested that local permitting agencies should develop suitable 
plans to manage septic systems. In May 2008, the Water Board updated the 25-year old 
criteria to improve its language. In March 2009, the Water Board amended the Basin Plan 
updating a previously expired waiver for onsite systems. The new rules allow local agency 
controlling of their septic systems, at the same time they require the permitting agencies 
entering into inter-agency memoranda of understanding (MOUs) with the Water Board and 
developing management plans to take full advantage of the local control options.  
 
   Massachusetts includes a set regulations designated as Title 5 (310 CMR 15.000), which 
includes regulations for septic system discharges. (MADEP, 1995) According to Title 5, both 
nitrogen sensitive areas and residential on-site and private wells should use a 440 gpd per acre 
equivalency standard (which leads to a 440 gpd limit for a 4 bedroom home); septic systems 
should also adopt the groundwater quality standard that limits total nitrogen 10 mg/L and 
nitrate-nitrogen 10 mg/L. For facilities sited in public water supplies in approved wellhead 
protection area, the required standards set by the Massachusetts Department of Environmental 
Protection (DEP) for nitrogen specifies 5 mg/L nitrate-nitrogen. 
2.4 Measures to control nutrients 
2.4.1 Denitrification 
During the process of denitrification, nitrate (NO3
-) is converted to nitrogen gas by anaerobic 
microbial respiration, which is the predominant removal process for groundwater nitrogen 
(Slomp, 2004).  The denitrification process typically occurs under anaerobic conditions when 
sufficient carbon for energy is available from organic materials.  This process requires anoxic 
conditions and electron donors. Organic carbon, sulfide and Fe2+ all could serve as these types 
of donors.  
18 
 
On the other hand, ammonia is mainly removed by the process of sorption to clays (Ceazan, 
1989).  
 
2.4.2 Methods to remove phosphorus 
It is well known that phosphorus enters and impacts surface water systems. Many states are 
encouraging the use of “buffer strips” where agricultural land abuts creeks, streams and rivers. 
These buffer zones are formed with high grasses and wildflowers, which serve as barriers to 
the runoff from the agricultural fields and help to slow the flow rate.  The phosphate-rich 
water has a longer travel time as it moves through the buffer zone, which helps to reduce 
phosphorus concentrations.  
 
2.5 Water Quality Parameters 
Some parameters which are closely related to water quality include pH, alkalinity, dissolved 
oxygen, nitrogen, and phosphorus. These parameters are discussed in the following 
paragraphs.  
2.5.1 pH 
The normal range for pH in surface water systems is 6.5 to 8.5, and 6 to 8.5 for groundwater. 
The pH is important with respect to the surface of aquatic species. Most organisms have 
adapted to specific pH and may die if it changes even slightly. The chart in Figure 3 indicates 
the pH level of water required for each organism to survive. 
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Figure 3 pH Scale for Certain Aquatic Organisms  
(http://www.sciotoswcd.org/testinfo.html, Scioto SWCD) 
 
2.5.2 Alkalinity 
Alkalinity is essentially a measure of the capacity of the natural water to resist a change in pH. 
In addition, alkalinity can be used to indicate the rate of biological activity in wastewater 
treatment. Alkalinity generally decreases under aerobic reactions, while alkalinity generally 
increases under anoxic and anaerobic reactions. As such, it is an important parameter to 
consider with respect to carbon oxidation and nitrification processes, since it provides an 
indication of the natures of these processes. (MEDEP, 2006) 
 
2.5.3 Dissolved Oxygen 
Dissolved oxygen mainly has two sources. One source is atmosphere, in which flowing water 
mixes atmospheric oxygen into the water; the other source is associated with photosynthesis.  
The dissolved oxygen concentration also has a significant effect on groundwater quality, 
because it regulates the valence state of trace metals and constrains the bacterial metabolism 
of dissolved organic species. For these reasons, measurement of dissolved oxygen 
concentration should be considered essential in most water quality investigations (Rose and 
20 
 
Long, 1988). The amount of dissolved oxygen needed for aquatic organisms depends on the 
species, physical state, water temperature, and pollutants. Generally speaking, water with 
consistently high levels of dissolved oxygen is considered healthy and capable of supporting 
various kinds of aquatic organisms. In order to sustain warm water fish such as bass, pike or 
bluegill, dissolved oxygen concentration must be at least 4 mg/L. Cold water fish require 
higher concentrations of dissolved oxygen. 
2.5.4 Total Phosphorus 
Normally phosphorus is present in natural water as phosphate. Phosphate can enter waterways 
from human wastes, animal wastes, industrial wastes, soil erosion, and overuse of fertilizers. 
When aquatic plants receive high nutrient loads, growth becomes excessive.  This can lead to 
cultural eutrophication and could be detrimental to the aquatic systems.  Eutrophication is a 
natural aging process of a body of water resulting from increase of nutrients within the body 
of water. However, cultural eutrophication is an unnatural process which is speeded up by the 
addition of phosphates, nitrogen and sediment to the water body due to anthropogenic sources. 
In these cases, water bodies age at much faster rates than that which would occur under 
natural processes. It is also usually accompanied by a seasonal deficiency in dissolved 
oxygen. Table 1 provides an indication of the impact of phosphate on the environment. 
(Jacobson, 1991). 
Table 1 - Impacts of Total Phosphate Concentrations (Jacobson, 1991) 
Phosphate Concentration (mg/L) Impact on Environment 
0.01-0.03  The level in uncontaminated lakes 
0.025-0.1 Level at which plant growth is stimulated 
0.1 
Maximum acceptable to avoid accelerated 
eutrophication 
>0.1 
Accelerated growth and consequent 
problems 
 
The Environmental Protection Agency (EPA) has recommended the criteria for total 
phosphorus in 1986 as following: (1) no more than 0.1 mg/L for streams which do not empty 
into reservoirs; (2) no more than 0.05 mg/L for streams discharging into reservoirs; (3) no 
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more than 0.025 mg/L for reservoirs.  Groundwater discharges and inputs from septic systems 
may impact these discharges. 
2.5.5 Nitrate/Nitrite 
Nitrogen can also lead to eutrophication since ammonia and nitrates can act as a nutrient for 
plant growth. However, in fresh, inland waters, nitrogen seldom limits plant growth, so plants 
are not as sensitive to increases in ammonia and nitrate levels as they are to increases in 
phosphorus. Typically, the main source of nitrate is from sewage, although fertilizers and the 
runoff from cattle feedlots, dairies and barnyards are two other sources of nitrates in water. 
Water containing high level of nitrate could cause methemoglobinemia and the possible 
formation in the gastric system of N-nitroso compounds, which are known to be carcinogens 
in the digestion system. Nitrate standards of 50mg/L have been adopted in many countries. 
The present of nitrate is widespread in the environment, and crop fertilization has become a 
major source of nitrate pollution in both developed and developing countries.  
 
To remove nitrate from the contaminated water, reverse osmosis, ion exchange and 
electrodialysis have been described as the best available technologies. However, these 
processes are relatively expensive and it has been determined that nitrate concentration waste 
streams can pose a disposal problem (Till, 1998). For this reason, new chemical and biological 
processes that eliminate nitrate discharges have become popular. The chemical process 
involves oxidation associated with a metallic compound such as zero valent iron and 
aluminum or by a photo catalytic process. A biological process reduced nitrate concentrations 
occurs naturally when nitrate is utilized as terminal electron acceptor by organisms in their 
respiration process. This process generally occurs in the absence of oxygen, and involves the 
conversion of nitrate to nitrite, which is finally converted to nitrogen gas (Della Rocca, 2005). 
In order to prevent the adverse health impacts on human, the EPA has set a Maximum 
Contaminant Level (MCL) goal to main nitrate concentration below 10 mg/L, along with an 
MCL goal to main nitrite below 1 mg/L. 
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2.5.6 Chloride 
Chloride often enters the environment from dissolution of chlorine that is associated with a 
metal which is commonly present as salts of sodium (NaCl), potassium (KCl), and calcium 
(CaCl2). (WHO, 2003) Chloride in surface water and groundwater comes from both natural 
and anthropogenic sources, including runoff containing road de-icing salts, the use of 
inorganic fertilizers, landfill leachates, septic tank effluents, animal feeds, industrial effluents, 
irrigation drainage and seawater intrusion in coastal areas. In surface water, chloride 
concentration usually ranges from 45 to 155 mg/L. In unpolluted water, chlorine levels are 
usually below 10 mg/L, and sometimes even below 1 mg/L. The EPA has established a 
secondary standard for chloride of 250 mg/L. 
2.6 Overview of Septic Systems 
On average, one in four households in the United States uses an on-site septic system to 
process its household wastewater. (Hallahan, 2009)  In Massachusetts more than 30% of 
homes use septic systems to treat black water and grey water. A septic system is an on-site 
wastewater system which is designed to treat and dispose of wastewater from residential, 
commercial or industrial facilities. The most basic on-site wastewater systems include a septic 
tank to perform primary treatment and a leach field to perform secondary treatment. Design 
techniques for these systems are described in an EPA design manual. (USEPA, 2002) After 
treatment by septic systems, the wastewater effluent is returned to the environment and 
recharged to the groundwater. Sometimes, in some household it could use as irrigation as a 
method of reuse.  
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Figure 4 Septic System 
    
In the septic tank, water enters through inlet pipe and is treated through an anaerobic process 
in the septic tank to remove organic materials from the wastewater. The wastewater in septic 
tank usually forms three layers. Sediments lighter than water (such as greases and oils) float to 
the top to form scum layer; sediments heavier than water settle at the bottom of the tank to 
form sludge layer; and partially clarified wastewater forms middle layer. Next the effluent 
flows into the leach field where additional treatment is provided as it moves through the soil 
above the water table. Eventually, the wastewater constitutes flow downward and eventually 
reaches the groundwater. Any additional treatment that may be required would depend on the 
local regulations.  
 
 
Figure 5 Septic Tank 
 
By the time the effluent reaches groundwater, most pathogens and bacteria are removed. 
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However, the effluent still contains high levels of nitrate and may also have high 
concentrations of viruses. Dawn Stoltzfus in Maryland Department of the Environment said 
“If you live in a critical area and are on a septic system, up to 80 percent of the nitrogen in 
your septic system can reach surface waters” (Goodman, 2009). Most of ammonia travels 
through the unsaturated zone and enters groundwater system. When it reaches the water table, 
it is oxidized and converted to nitrate. For this reason, areas with high populations that rely on 
septic systems have to be concerned about the potential problems that may result from the 
high nitrate concentrations in the groundwater. Generally speaking, there are many causes that 
could result in a failing septic system. Examples include poor soil conditions, soil clogging, 
high water tables, or even physical damage. (Hecq and others, 2011; EPA, 2002) 
Consequently, septic systems are considered to have some disadvantages compared with use 
of centralized wastewater treatment plants. In some regions, the septic systems may not work 
very well, since there is no uniform control on the discharges. Moreover, individual household 
may not be aware of problems with their septic systems, and the problems do not get 
corrected. Still, septic systems are widely used and do provide effective treatment in many 
cases. 
2.6.1 Unsaturated zone 
The quality of effluent in the soil after it passes through the septic system depends on the 
nature of the particular constituent, the nature of soil and the degree of saturation in soil. In 
addition to these factors, one of the key factors in maintain proper functioning of a septic 
system is to ensure sufficient vertical distance exists between the bottom of the drain field and 
the water table. This region is in the vadose or unsaturated zone. 
 
Since water travels more slowly through an unsaturated soil than saturated soil, this zone play 
an important role in removing contaminants. Slow travel allows effluent to have longer 
contact time with soil particles to eliminate bacteria and viruses, and also biodegrade the 
degradable materials. Providing good aeration could also for better decomposition of organic 
particles, biodegradation of detergents and die-off of bacteria and viruses. 
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2.6.2 Nitrogen in effluent 
Since only a small part of nitrogen (about 10%) in wastewater is removed through settling of 
the sludge to the bottom of the septic tank, most of nitrogen is contained in the septic tank 
effluent. In this effluent, forms of nitrogen include ammonia, ammonium, organic nitrogen, 
nitrate and nitrite (Brown, 1992). Since a conventional septic tank operates under anaerobic 
condition, there exist dominantly soluble ammonium and significant amounts of organic 
nitrogen in the effluent. When the effluent is leaching into soil, nitrogen is reduced by 
transformation, retention and movement by the mechanisms such as denitrification, 
adsorption, plant uptake and volatilization. Ammonium is converted to nitrate by the 
nitrification process, which occurs in the upper one foot or two of the unsaturated zone. Then, 
the nitrate is normally stable and does not undergo further transformation in groundwater 
unless there are conditions that allow for denitrification. After these series of processes, more 
than one half of the nitrogen constitutes moving downward to the groundwater system 
(Brown, 1992). It has been shown that these traditional septic systems could only remove 
about 30% of the total household nitrogen discharge. 
2.6.3 Phosphorus in effluent from septic tanks 
In the effluent that is discharged to the septic tank, most phosphorus is generally converted to 
soluble orthophosphate by the anaerobic digestion process. Phosphate is removed from the 
effluent mainly by adsorption, precipitation, plant uptake and biological immobilization. 
Because phosphorus often has a high affinity for soil, septic systems are often considered to 
be effective at controlling phosphorus discharges. 
2.7 Alternative Septic Systems 
Given the disadvantages of conventional septic systems and their low efficiency in removing 
the nitrogen, various kinds of alternative septic systems have been designed to improve 
effluent water quality. The alternative septic systems mainly include six kinds of systems, 
which are discussed on the following sections. 
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2.7.1 Mounded Septic Systems 
 
Figure 6 Mounded Septic Systems (Converse and Tyler, 1998) 
A mounded septic system is a system that uses a wastewater absorption trench that maintained 
within a mounded section. When the water-table is very high, a mounted septic system is 
considered instead of conventional septic system to allow for adequate removal of 
contaminants and bacteria. The system is advantageous in these cases since the effluent zone 
in a mounded system is completely above the original surface. (NSFC, 1999) The mound is 
composed of a sand fill in which a gravel-filled bed and distribution system is included. 
Effluent from the distribution system enters the sand and returns to the natural soil through 
which contaminants are removed.  
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2.7.2 Aerobic Treatment Septic Systems 
 
Figure 7 Aerobic Septic Systems  
 
Aerobic septic systems are similar to septic systems except that they require oxygen. Aerobic 
treatment septic systems produce a very high quality effluent, because they decompose 
dissolved organic and nitrogen compounds by adding oxygen to encourage aerobic bacteria 
and improve effluent water quality. Since aerobic systems require electricity to inject and 
circulate air inside the treatment tank, they are more costly than most septic systems. 
 
2.7.3 Advanced Material Media Filtration Systems 
Media filtration systems use sand beds, filter beds or synthetic textile filters to improve 
effluent quality. Effluent is treated by actual filtration and biochemical process. Natural media 
filter septic systems and synthetic media filter septic systems are used to treat wastewater.  
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Figure 8 Advanced Material Media Filtration System  
 
2.7.4 Lagoon Septic Systems 
Lagoon septic systems usually function as additional treatment following conventional septic 
tanks. Since these require comparatively large land areas, they are often used to serve multiple 
dwellings rather than single family resident. They consist of one or more lagoons which are 
designed to receive, hold and treat wastewater. They can be very cost effective especially for 
rural areas; however, they require more land than other systems and do not work well in cold 
climates. 
 
Figure 9 Lagoons Septic System  
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2.7.5 Evaporation-Transpiration (ET) Septic Systems 
Evaporation-transpiration septic systems also are a method of on-site wastewater treatment. 
Evaporation-transpiration (ET) septic systems treat effluent using a medium through which 
provides for direct evaporation and plant transpiration. These systems dispose wastewater into 
the atmosphere through evaporation from the soil surface and transpiration by plants. Since 
they do not necessarily discharge the effluent to surface water or groundwater, ET systems 
may overcome geological limitations or physical constraints of land. However, they are 
controlled and influenced a lot by climatic conditions. 
 
Figure 10 Evaporation-Transpiration (ET) Septic System (from Solomon et al., 1998)  
 
2.7.6 Disinfection Systems 
Disinfection system use disinfectant chemicals (chlorine) or UV light to function as a final 
treatment of effluent. (NFSC, 1999)  Chlorine is most widely used in treating wastewater to 
kill most bacteria, viruses and other microorganisms that cause disease. Even the chlorine 
residual could remains in the discharged wastewater for many hours to prolong disinfection. 
However, the residual is toxic to aquatic life and may require dechlorination. UV light is a 
30 
 
reliable means of disinfection which involves exposing wastewater to radiation from UV light. 
There is a concern that the UV light could penetrate organisms’ cell walls and disrupt cells’ 
genetic material, creating problems with reproduction. The approach does work well for 
breaking down or removing some organic contaminants. Since the UV light does not form any 
significant byproducts, it is relatively widely used. (NDWCH, 2000) 
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3.0 Methodology 
This project included a combination of field monitoring and model simulations to characterize 
transformations and potential impacts of on-site disposal systems.  This chapter describes the 
methods used for the research.  Sections include the overall approach, the field sampling 
program, laboratory analyses, and modeling approaches.   
3.1 Overall approach 
The research involved a combination of field sampling, laboratory testing, and model 
evaluation.  The field sampling and water quality testing program involved a set of samples 
obtained along a tributary to the Assabet river in Acton, MA, and also a set of samples 
collected from groundwater immediately down-gradient of a alternative septic system test 
center in Cape Cod, MA.  The stream samples were used to get an approximate estimate of 
overall nutrient loads entering a stream from groundwater, while the samples from the Cape 
Cod septic test center provided specific information on nutrient loads being discharged from a 
septic system. The processes affecting the concentrations in these samples could then be 
interpreted using inverse and advective modeling techniques. 
 
3.2 Field Program 
3.2.1 Field sampling program for a stream in Acton, MA 
One focus of this research is on water quality in a section of Fort Pond Brook, a tributary 
stream to Assabet River, which is affected by eutrophication caused by excessive nutrient 
loadings. In the Assabet River, excessive nutrient loads, especially phosphorus, result in algae 
blooms occur that severely influence the recreational use of the rivers and result in large 
swings in dissolved oxygen concentration and pH. (MADEP, 2004) When the algae and plants 
decay, they cause odors and problems with dissolved oxygen.  During the summer, dissolved 
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oxygen concentration in Assabet River is frequently below the water quality standard of 
5.0mg/L. (MADEP, 2004) 
 
Figure 11 Drainage Areas and Sampling Location 
 
The monitoring and sampling in the tributary stream was completed in October 2009 and 
again in April 2010. The following 5 stations were chosen for sampling locations: 
Station 1 – Immediately upstream of Idlewilde Farms (Idlewilde)  
Station 2 – Location on Central Street in Acton (Central Up)  
Station 3 – Location on Massachusetts Avenue in Action (Mass Ave)  
Station 4 – Another location on Central Street in Acton (Central Down)  
Station 5 – Location on Martin Street in Acton (Martin) 
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3.2.2 Field Sampling at Cape Cod Alternative Septic System Test Center  
For the field research addressing septic systems, samples were collected in June 2010 
upstream and downstream two sand beds that were used as fields for septic systems. One sand 
bed had a thickness of 2 feet; the other had a thickness of 1 foot. It is noted that state 
regulations in Massachusetts require a 4 foot distance between the maximum water table 
elevation and the bottom of the leaching facility; a 5 foot distance is required for course sandy 
soils with fast perk rates. However, many septic systems (including older systems and many 
systems near streams) may not have the full 4 foot depth requirement.  The use of 1-foot and 
2-foot layers provides a basis for understanding these cases, and also provides a first step in 
understanding the transformations that may occur for greater depths.   
The sampling program included bottle preparation, selection of sampling locations, and the 
collection of samples. Figures 12 and 13 show some pictures of the 1-foot and 2-foot 
sampling locations.  The Cape Cod Alternative Septic System Test Center includes periodic 
injections over set durations throughout the day, defined to simulate the typical flow 
distribution that may be representative of a typical septic system. A more detailed description 
can be found in Costa (2002).  The staff at were helpful in providing access and assisting with 
sample collection.  It is emphasized that the facility maintains on-going investigations of 
alternative systems and these analyses were not formally associated with any of these 
investigations.  The field samples and analyses for this research were completed in sand beds 
that were used as controls, and were separate from any formal investigations completed at the 
site. 
 
Laboratory analyses included testing to characterize the full set of chemical properties, 
including cations and anions.  Specific laboratory analyses described in this section include 
the analysis procedures for ammonium, total phosphorus, pH, alkalinity, dissolved oxygen, 
suspended sediments, and bacteria. These tests are summarized in this section. Other 
laboratory analyses using an ion chromatography system are only described briefly, since the 
analyses were completed other personnel at WPI. 
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Figure 12 - Field site at the Cape Cod Alternative Septic System Test Center for 1-foot sand 
layer (a – septic effluent injectors, b and c – views of the sand bed; d – effluent sump for 
sample collection) 
 
 
Figure 13 - Field site at the Cape Cod Alternative Septic System Test Center for 2-foot 
sand layer (a – septic effluent injectors, b and c – views of the sand bed;  
d – effluent sump for sample collection) 
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3.3 Laboratory Testing 
3.3.1 Ammonium Test 
Ammonium was measured with color spectrophotometer.  After turning the equipment on, it 
will need approximately 2 hours for the lamp to warm sufficiently to prevent drifting of 
absorbance readings. The wavelength was set at 425nm. A set of standards was prepared with 
known concentrations of ammonium encompassing the range of expected results. The analysis 
of these standards provided the calibration curve from which the unknown samples were 
analyzed. First we estimated the range of our samples’ ammonium concentrations and then 
chose suitable standard points. Most of samples’ results are in the range of 0.1 ppm to 1 ppm. 
Then we could use the Nitrogen, Ammonium Standard Solution 100 mg/L (as NH3-N) to 
make standard solutions separately. The instrument was zeroed with a blank. Standards and 
samples were analyzed using the following procedure: 
a. Transfer the standard or sample from beaker into the same sample cell used to analyze the 
blank and zero the instrument.  
b. Add three drops of Mineral Stabilizer. Plug the cap and invert it several times 
c. Add three drops of Polyvinyl Alcohol Dispersing Agent. Plug the cap and invert it several 
times 
d. Add 1 ml Nessler Reagent( Cat. 21294-49) Plug the cap and invert it several times 
e. Press: 1 Timer, after the timer beeps, put the sample cell into the cell holder. The 25-ml 
mark on the cell should face the front of the instrument for proper orientation. Close the 
compartment door. Press Abs. and read the results from the display. 
f. Empty and rinse the sample cell.  Use the same cell for each successive standard and 
unknown sample. 
Once the samples were analyzed, the standards were used to define a calibration curve, which 
provided finalize results. 
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3.3.2 Total Phosphorus Test 
Total phosphorus was also tested with the color spectrophotometer. This required preparation 
of a set of standards with known concentrations of phosphorus. The analysis of these 
standards provided the calibration curve from which the unknown samples were analyzed. 
Using a stock solution, standards was prepared as follows: 
 
                                                                  (1) 
 
Where x = volume (ml) of stock solution needed 
 C mg/L represents the desired standard concentration 
0.1 mg/ml is the concentration of the stock solution  
100 ml represents the volume of standard that will be prepared 
1 L/1000 ml is used to convert ml to L 
 
Samples need digestion procedure before testing. The procedures as follows: 
a. Pour 25 ml of sample or standard (or e-pure water for blank) into a clean beaker 
b. Add 5 ml conc. HNO3 and 1 ml conc. H2SO4.  Add the nitric acid first.  
c. Cover the beaker with a watch cover – making sure there is a small gap between the cover 
and the top of the beaker to allow room for release of evaporated gases.  Heat gently on a 
preheated hot plate under hood.  The sample should simmer, but not boil.  Heat until the 
sample is “down to fumes,” which means that there will be visible white fumes in the beaker, 
and the sample will have been reduced down to a volume of about 1 ml.   
d. Remove watch covers, remove beakers from hot plate, and allow to cool. 
After digestion, the instrument was zeroed and the standards and samples were analyzed. 
Samples were measured using the following procedure:  
a. Transfer digested standard or sample from beaker into the same sample cell used to 
analyze the blank and zero the instrument.  Filter if necessary to remove particulate material 
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or turbidity. Use up 5 ml E-pure water to rinse the beaker (and filter).   
b. Add 1 drop of phenolphthalein indicator solution, and as much 1N NaOH solution as 
required to produce a faint pink tinge. 
c. Once the pink tinge has appeared, add E-pure water to the 25-ml mark. 
d. Add 1 ml Molybdovanadate to the sample cell. 
e. Press: 3 Timer 
f. Press: Manual Program, then rotate the wavelength selector dial to a setting of 400 nm.  
g. After the timer beeps, place the sample cell into the cell holder.  The 25-ml mark on the 
cell should face the front of the instrument for proper orientation.  Close the compartment 
door. 
h. Pres Abs. and read the absorbance or %T from the display. 
i. Empty and rinse the sample cell.  Use the same cell for each successive standard and 
unknown sample. 
 
3.3.3 pH and alkalinity test 
The pH and alkalinity were measured and recorded on each samples in order to determine 
water quality and denitrification degree. The pH was tested using an Accumet Basic AB15 pH 
Meter. By using standard liquid with pH equal to 4, 7 and 10 to calibrate, samples were ready 
to be tested. Inserting the pH probe into the sampling bottles, the meter would quickly stable 
with a beep. The value was recorded as reliable pH. 
 
Alkalinity is the measure of a solution’s capacity to react with a strong acid. The alkalinity of 
a solution is usually includes carbonate, bicarbonate and hydroxides. Higher alkalinities 
require more neutralizing agent is needed to counteract it. It was determined by titration with 
sulfuric acid to a pH of 4. The process was as followings: 
a. Take a clean beaker and add 100 ml samples 
b. Place pH probe into beaker containing samples 
c. Using stirrer to stir samples slowly 
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d. Titrate to pH 4.0 with 0.02 normality sulfuric acid 
e. Calculate total alkalinity 
If the sample volume was 100 ml, 10 ml of titrant was used and the acid normality is 0.02 M 
of HsSO4. Total Alkalinity in mg/L was determined as: 
                                        (2) 
3.3.4 DO test 
Samples for dissolved oxygen (DO) analysis were collected in 300 ml glass DO bottles. The 
test used a Thermo Electron Corporation Orion 3 Star Bench top DO Meter. The DO meter 
was calibrated with air-saturated water which was prepared by bubbling oxygen for about 1 
hour. The probe was calibrated every time it was used. It also was maintained about once a 
week by replacing the electrode solution within the DO probe. Samples were tested by placing 
the probe to the DO bottle after calibration. DO meter was set to read continuously because 
the values would peak first and then settle down at a stable reading. It usually took several 
minutes for DO meter to stabilize. 
3.3.5 Total Suspended Solids  
Total Suspended Solids (TSS) analyses were conducted by obtaining weight of filters before 
and after filtering samples. The procedures were as follows: 
a. Prepare a set of clean filter pad and aluminum pan for each sample. Each pan was labeled 
with individual number to prevent any confusion. Put these sets into oven to desiccate for 
about 1 hour. 
b. Take the set out of oven and weight each filter with mass balance.  
c. Place the filter holder on the flask and connect them with a vacuum pump. Using 
tweezers to hold filter pad to put it on the filter and place glass filter on the filter holder.  
d. Stir the sample, then pour it into the graduated cylinder and record the volume of sample. 
Turn on the vacuum pump. 
e. Pour sample into filter hold. Turn of the vacuum pump after all sample filter through the 
filter to the flask. 
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f. Take out the filter pad and put it back to the aluminum pan. Put them into oven for one 
day to desiccate.  
g. Put it out from oven and weight the filter pad with mass balance. 
h. Calculate TSS using the following equation  
                                                         (3) 
3.3.6 Bacteria 
Total coliform and Escherichia coli (E.coli) were tested by using Quanti-Tray method. This 
procedure was completed with assistance from others in the environmental engineering 
laboratory at WPI. A brief overview is provided here to provide a description of the basic 
procedure.  The testing procedure was as follows: 
a. Using 100 ml sample for test, add Colilert to 100ml samples bottle and shake to dissolve. 
b. Carefully open the top of the quanti-tray by squeezing the plastic inwards and pull apart 
from the foil. Pour the sample mixture into the tray. 
c. Seal and then incubate it at 35  for 24 hours. 
d. Count positive wells and refer to MPN table to get coliform number 
e. Count fluorescence wells under a 365 nm UV light and refer to MPN table to get E. coli 
number. 
3.4 Modeling 
Two types of modeling are used to analysis transport and transformation processes. One type 
is inverse modeling which uses the PHREEQC software package to simulate inverse 
modeling. The other modeling approach involves using HYDRUS-1D to simulate advective 
modeling. 
3.4.1 Inverse Modeling 
Inverse modeling provides an approach for determining sets of mole transfers for the phases 
and reactions that can account for changes in water chemistry between one or a mixture of 
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initial water compositions and a final water composition. In order to get a basic understanding 
of the processes in the given site, using the PHREEQC software package to set modeling is a 
simple approach. The approach needs to choose a series of sampling locations along a flow 
path and estimate possible transformations which include addition via precipitation, 
dissolution, surface exchange reactions and oxidation/reduction reactions. (Mathisen, 2010)  A 
brief summary of the approach is included here.  More detailed information on the use of the 
package is provided in Parkhurst and Appelo (1999).   
 
The approach involves collecting samples along a flow path, estimating chemical and physical 
reactions, and determining of the transformation. Possible transformations include 
precipitation, dissolution, ion exchange and oxidation/ reduction reactions. The procedure is 
illustrated in Figure 14. 
 
Figure 14 Inverse Modeling Concepts 
 
The inverse modeling analysis was completed using concentrations determined from analyses 
of samples collected from two locations. One sampling location was upstream of the sand bed, 
and the other was located downstream along the same flow path. The input data include the 
potential oxidation/reduction reactions and phases that could result in a transfer between the 
upstream and downstream sampling locations, along with the various constituent themselves. 
All these data are obtained using water quality testing procedures discussed in these chapters.  
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Possible compounds and reactions that are assumed to happen in the inverse modeling include 
carbon oxidation, nitrification, denitrification, precipitation and dissolution, and surface 
exchange.  
 
The reactions considered are as follows: 
 
Oxidation of organic carbon: 
    CH2O + O2 = CO2 + H2O                                                                                               (4) 
 
Nitrification: 
NH4
+ + 2O2  =  NO3
- + 2H+ +  H2O
                                              
                                                            (5)
 
 
Denitrification: 
0.25 CH2O+0.2NO3
-
 + 0.2H
+ = 0.25CO2 +0.1N2(g) + 0.35H2O                                      (6) 
 
Precipitation/dissolution of the following three compounds: 
Hydroxyapatite (Ca5 (PO4)3OH)        
Vivianite (Fe3 (PO4)2:8H2O) 
Strengite (FePO4:2H2O) 
 
Surface exchange reactions: 
CaX2 = Ca
2+ + 2X-                                                                                                                                                      (7) 
MgX2 = Mg
2+ + 2X-                                                                                                                                (8) 
MnX2 = Mn
2+ + 2X-                                                                                                                                                  (9) 
NH4X = NH4
+ + X-                                                                                                                                  (10) 
NaX = Na+ + X-                                                                                                                                                (11) 
KX = K+ + X-                                                                                                                                                       (12) 
HX = H+ + X-                                                                                                                                                                 (13) 
These processes and complete chemical characterizations were completed for solutions 
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upstream (i.e. the septic tank effluent) and downstream (i.e. the discharge) of the sand beds.  
Balances were completed within 10% uncertainty, and specific models were obtained.  While 
there may be other models/results that could be developed under different assumptions, the 
results were considered to be reasonable representations of the potential processes.  
3.4.2 Advective Modeling 
    Advective modeling was completed to gain some insight into the transport and 
transformations in the leaching field of a septic system.  For the purposes of this thesis, the 
model analyses did not consider a full geochemical description.  Instead, it was intended to 
provide insight into the nature of the transport in the unsaturated zone, and the full 
geochemical characterization is recommended for future research.  
 The approach used for advective modeling made use of the HP1 program. This program, 
which combines the Hydrus-1d package with the PHREEQC package, allows for the 
consideration of multi-species transport in unsaturated and partially saturated porous media.  
Basic input information is included in this section.  Details on the Hydrus 1-D package can be 
found in Šimůnek et al. (1998) and in Šimůnek et al. (2009). In addition, detailed information 
on the HP1 package can be found in Jacques and Šimůnek (2005, 2010).  The HP1 package 
makes use of the Richard’s equation for saturated-unsaturated water flow. It includes Fickian-
based advection dispersion equations for heat and solute transport. The approach allowed for 
the simulation of the movement of water, heat, and solute transport in variably saturated and 
unsaturated porous media.  The program provided a useful tool for contaminant movement in 
unsaturated media.  
 The program was set up to model one-dimensional water flow and solute transport in an 
unsaturated layer of sand.  The input data include the boundary conditions, media 
characteristics, precipitation conditions and solution concentration. A total depth of 1 meter 
was assumed for the thickness of the sand layer.  Unsaturated conductivity was initially 
calculated by Modified Kovacs (MK) model. However, entering the results of this analysis 
into the model resulted in stability problems.  Therefore, the Van Genuchten-Mualem model, 
along with an air entry value of -2 cm, was selected to describe the hydraulic conductivity in 
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the hydraulic model settings. The parameters in this model were set such that they matched 
the results of the MK model as closely as possible.  Porosity was assumed to be 0.35 for this 
type of sand layer. Effluent and contaminants from the septic tank were assumed to enter the 
sand layer at the surface.  Within the sand layer, five different locations were selected as 
observation points.  The distance between each point observation point was 25 cm. Basic 
nutrient reactions were assumed based on previous research, and then entered into the model.  
Time variable boundary conditions allowed for consideration of variable inputs from the 
upper portion of the bed.  An atmospheric boundary condition with as surface layer was 
assumed for both upper boundary condition and lower free drainage was set for the lower 
boundary condition. Initial heads were assumed in pressure heads.  The total duration was set 
at 40 hours, with a time discretization ranging between 0.0024 sec and 0.00024 seconds.  The 
program’s default parameters were used for iteration criteria.  Sewage discharge was assumed 
to start infiltrating into the sand bed at 16 hour, and it was assumed that it remained constant 
throughout the remaining time.  Transport parameters included a bulk density of 1.7 gm/cm3, 
and a longitudinal dispersivity of 1 cm.  Solute transport boundary conditions included a 
constant flux boundary condition at the surface, and a zero concentration boundary condition 
at the bottom.  For a preliminary analysis, basic simulation of nitrogen (ammonium and 
nitrate) was considered.  Parameters for these processes were included in previous 
unpublished research by P. Mathisen (Mathisen, in progress).   
The advective modeling approach allowed for consideration of different travel distances 
within the unsaturated zone.  Thus, an approximate assessment of the water quality conditions 
could be attained for sand layers with depths of one foot and two feet (which corresponded to 
the sand layers addressed at the Cape Cod Alternative Septic System Test Center. Results 
provided by output files include pressure head, hydraulic properties and contaminant 
concentrations measured at different observation points.  These results are presented in 
Chapter 4. 
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4.0 Results & Analysis 
This chapter presents the results and analyses from the field sampling programs completed for 
this research.  Section 4.1 describes water quality results tested in lab, including nitrogen and 
phosphorus results. Sub-watershed scale samples, collected from a stream in Acton MA, 
provided some information on general loadings to a stream. These samples were taken from 
five locations along Fort Pond Brook, a tributary stream in an area where residents rely on 
septic systems. Small-scale samples, collected from leaching fields at the Cape Cod 
Alternative Septic System Test Center in Falmouth MA, provided information on the loads 
generations and transformations associated with an individual septic system.  These samples 
were taken from locations upstream and downstream of sand beds used to test alternative 
septic system. The overall approach and methodology are presented in chapter 3.  
 
Section 4.2 focuses on the PHREEQC inverse modeling approach, which provided a basis for 
understanding the transformations that occur in the subsurface downstream of septic systems.  
The inverse model was used to estimate chemical and physical reactions that account for the 
change in chemical composition of water along a flow path. Section 4.3 also presents the 
advective modeling results which was used to deduce and forecast contaminant changes and 
trends for different depths and times. The analysis using HP1 provided contamination with 
different depths of soil.  Finally, section 4.3 is a chapter with discussions and conclusions by 
data and modeling results. The raw data from Acton and Cape Cod are presented in 
appropriate Appendices.  
4.1 Field Results 
Two field programs were performed to understand the impact of septic systems on 
groundwater. Two sets of data (upstream and downstream) were taken from Cape Cod 
Alternative Septic Test Center. To estimate the broader impacts of septic systems on a stream, 
surface water samples were collected along a small stream in Acton MA. Samples collected at 
a test site at the Cape Cod Alternative Septic System Test Center in Falmouth, MA, were 
intended to provide a basis for quantifying impacts of septic systems at a small scale. 
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4.1.1 Acton  
Five locations are chosen along Fort Pond Brook, a small stream tributary to the Assabet 
River in Acton, MA. These locations were chosen to help identify different contamination 
conditions along the river, which would be to determine the relation between contamination 
and septic systems. These locations are shown in figure 11. 
 
4.1.1.1 Estimated flow and nitrogen loads 
A typical value of 80 gallons/person/day was assumed to provide basis for the flow rate. For 
the purposes of this analysis, all flows are considered to be residential.  Commercial and 
institutional flows are small and are neglected for the purposes of this approximate estimate.  
Additional analysis is recommended for more complete information.  The results are 
summarized in Table 2. 
 
Table 2 Wastewater Flow Generation & Nitrogen Loading between Sampling Sites 
Stream Reach  
 
Cumm. 
trib. area 
(sq.miles) 
 
Local 
trib. area 
(sq.miles) 
Number 
of homes 
along 
reach 
Local 
wastewater 
flow 
(gallons/day) 
Local 
nitrogen    
loading 
(gm N/day) 
Cum. 
Nitrogen 
loading 
(gm N/day) 
Upst.of Stat 2  9.83 9.83 380 76000 10640 106400 
Stat. 2 to 3 12.21 2.38 200 40000 5600 221200 
Stat. 3 to 4 12.50 0.29 90 18000 2520 114520 
Stat. 4 to 5 19.30 6.80 230 46000 6440 120960 
 
4.1.1.2 Sampling results 
Samples collected along this stream provided a basis for assessing the potential impacts of the 
loads estimated in the previous section. The results of the analyses of these sections are 
summarized in this section. The parameters include pH, ammonium, nitrate, dissolved oxygen, 
and fluorescent whitening agents. 
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pH 
The pH tests are helpful for providing insight to changes along the river. These results are 
summarized in Table 3 and 4, and in Figure 15.  During different seasons, pH values changes 
slightly from winter to spring and rises slightly from Oct to Apr in the following year. It is 
interesting that from location 3 to 5, pH follows the same change trend in different seasons. 
Data are presented in Appendix A. 
 
Table 3 pH Results on 10/21/2009 
Date Sample pH 
2009-10-21 Station 2- Central Up 6.29 
2009-10-21 Station 3- Mass Ave 6.49 
2009-10-21 Station 4- Central Down 6.39 
2009-10-21 Station 5- Martin 6.46 
 
 
Figure 15 pH Results on 10/21/2009 
 
Table 4 pH Results on 4/27/2010 
Date Sample pH 
2010-4-27 Station 1- Idlewilde 6.48 
2010-4-27 Station 2- Central Up 6.55 
2010-4-27 Station 3- Mass Ave 6.52 
2010-4-27 Station 4-Central Down 6.47 
2010-4-27 Station 5-Martin 6.54 
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Figure 16 pH Results on 4/27/2010 
 
Nitrate 
The nitrate results are shown in figure 16 and the results are summarized in Table 4. Nitrate 
concentrations range from 0.1 to 0.83 and have the highest value at location 3.  
 
Table 5 Nitrate Concentrations on 4/27/2010 
Date Sample Nitrate(ppm) 
2010-4-27 Station 1- Idlewilde 0.48 
2010-4-27 Station 2- Central Up 0.34 
2010-4-27 Station 3- Mass Ave 0.83 
2010-4-27 Station 4-Central Down 0.59 
2010-4-27 Station 5-Martin 0.1 
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Figure 17 Nitrate Concentrations on 4/27/2010 
 
Ammonium 
Ammonium results are provided in Table 6, and the trends can be seen in figure 19. This 
figure shows that location 2 has the highest ammonium value corresponding to highest pH 
value of 6.55. It appears that changes in ammonium generally follow the same pattern as 
changes in the pH.  However, it is recognized that other factors may affect the concentrations 
of ammonium in the stream.  
 
Table 6 Ammonium Concentrations on 4/27/2010 
Date Sample Ammonium(ppm) 
2010-4-27 Station 0- Idlewilde 0.21 
2010-4-27 Station 1- Central Up 0.27 
2010-4-27 Station 2- Mass Ave 0.26 
2010-4-27 Station 3-Central Down 0.22 
2010-4-27 Station 5-Martin 0.25 
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Figure 18 Ammonium Concentrations on 4/27/2010 
 
Dissolved Oxygen 
Dissolved oxygen (DO) changes from 6.59 (location 2) to 6.14 (location 3) and then to 3.71 
(location 4). The DO changes generally are similar to the ammonium results, since samples 
with high DO concentrations also have high ammonium concentrations. Again, other water 
quality factors may affect the ammonium concentrations. 
 
Fluorescent Whitening Agents 
Fluorescent Whitening Agents (FWA), or Optical Brighteners (OBA), are added to products 
such as detergents, laundry soaps and cleaning agents. These compounds are illuminated by 
ultraviolet light. Since wastewater contaminated with laundry detergent is typically the largest 
contributor of brighteners to wastewater systems, the presence of FWA could mean failing 
septic systems to some degree. The approach is described in Turner designs (2009) and was 
effectively employed by Hagedorn (2002). 
 
Review of the trends in Figure 15 shows that FWA accumulates from upstream to downstream 
and FWA reach the highest value at location 5. This could indicate that, as river passes 
through residence area using septic systems, the FWA increases as a result of discharge of 
wastewater from septic systems. Again, however, other factors may influence these results. 
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They do suggest a need for further research.  
Table 7 FWA Results on 4/27/2010 
Date Sample FWA 
2010-4-27 Station 1- Idlewilde 175 
2010-4-27 Station 2- Central Up 176 
2010-4-27 Station 3- Mass Ave 179 
2010-4-27 Station 4-Central Down 186 
2010-4-27 Station 5-Martin 198 
 
 
Figure 19 FWA Results on 4/27/2010 
 
4.1.2 Results from field tests at the Cape Cod Alternative Septic System Test Center 
The Cape Cod Alternative Septic Test Center has been set up to test the ability of alternative 
septic systems to treat wastewater. At this site, they are using alternative media, sand beds and 
also one wetland configuration to reduce effluent nutrient contaminants. For removing 
nitrogen, common processes include nitrification and denitrification. Following guidelines 
from MEDEP (2006), the reaction for nitrification (the first step of the process) is as follows: 
                                                                             (14) 
 
During the nitrification process, added or available oxygen is utilized and ammonium is 
51 
 
oxidized to nitrate.  Since the nitrate is detrimental to surface water bodies, a common 
approach is to encourage denitrification to eliminate the nitrate generation.  During the 
denitrification step (the second step), this nitrate is utilized and nitrogen gas is generated when 
organic matter is present. The reaction for the denitrification step is: 
                                                                  (15)      
In this case, sand beds were selected to as the medium for contaminant removal. The sand 
beds are used at the site as controls, which provide a basis for assessing the effectiveness of 
alternative systems.  
The samples were collected upstream and downstream of 1-foot and 2-feet sand beds. The 
results for these tests include pH, alkalinity, dissolved oxygen, ammonium, nitrate, 
phosphorus, TOC/DOC, bacteria, cations and anions. These results we summarized in the 
figures and tables in this section. Key parameters that are discussed include pH, dissolved 
oxygen, ammonium, nitrate, phosphorus, TOC and DOC, and bacteria. 
Flows and nitrogen loads 
The flows are discharged over three 3-hour time intervals throughout the day. During each of 
these discharge intervals, a series of doses at 15-minute intervals are used to provide the flow. 
The total average flow is 168 liters per day for the 1 foot layer, and 249 liters per day for the 2 
foot layer.  With infiltration areas of 60 ft2 and 74 ft2, the average loading rates per unit area 
were 0.74 gpd/ft2 and 0.88 gpd/ft2 for the 1-foot and 2-foot layers, respectively. When the 
concentrations and loads were considered, the total nitrogen loadings were 17 to 20 gm/day 
for field 1, and 24 to 33 gm/day for the 2-foot layer. The total phosphorus loadings were 
approximately 14 to 15 gm/day for field 1, and 19 to 26 gm/day for the 2-foot layer. The 
nitrogen loadings of 20 to 30 gm/day are reasonably close to the values assumed when 
estimating the loads for the Acton loading estimates. 
pH 
The pH values were tested for two sets of samples collected at two locations in June and 
October in 2010. Location 1 was for the 1-foot sand bed, while location 2 corresponds to 2-
foot sand bed. Comparing upstream and downstream pH values, location 1 shows a larger 
drop in pH from the upstream to downstream, while location 2 shows a smaller decrease.  
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Table 8 pH Results 
Date Sample pH 
2010-6-15 Loc 1 Up 6.82 
2010-6-15 Loc1 Down 5.52 
2010-6-15 Loc 2 Up 6.61 
2010-6-15 Loc 2 Down 3.81 
2010-10-27 Loc 1 Up   6.88 
2010-10-27 Loc 1 Down 5.31 
2010-10-27 Loc 2 Up   6.85 
2010-10-27 Loc 2 Down 4.20 
 
 
Figure 20 pH Values at MA Alternative Septic Test Center 
Dissolved Oxygen 
Dissolved oxygen (DO) also was tested for each sample. The DO results show that 
downstream samples usually have much higher DO concentrations than their corresponding 
upstream samples. The DO for downstream sample location 2 (for the 2-foot sand bed) is 
lower than that for location 1 (for the 1-foot sand bed). This may be due to a higher level of 
biodegradation that may occur in the longer flow path associated with the 2-foot sand bed.  
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Table 9 DO Samples Results 
Date Sample DO (mg/L) 
2010-6-15 Loc 1 Up 0.23 
2010-6-15 Loc1 Down 6.38 
2010-6-15 Loc 2 Up 0.3 
2010-6-15 Loc 2 Down 5.44 
2010-10-27 Loc 1 Up   0.81 
2010-10-27 Loc 1 Down 7.27 
2010-10-27 Loc 2 Up   0.53 
2010-10-27 Loc 2 Down 6.66 
 
 
Figure 21 DO Concentrations at MA Alternative Septic Test Center 
 
Ammonium 
Ammonium results shows that downstream samples usually have much lower DO values than 
their corresponding upstream samples, which could imply that ammonium removal efficiency 
may be high in the sand beds.  Comparison of the ammonium and DO concentrations 
confirms that the high DO concentrations correspond to low ammonium concentrations. It is 
likely that the ammonium is being oxidized to nitrite and nitrate in the sand beds. Also, 
ammonium concentrations in samples taken from location 2 are lower than ammonium 
concentrations in samples from location 1. This result is likely associated with the 2-foot sand 
layer, which has a longer flow path and allows for more nitrification than the nitrification that 
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can occur in the 1-foot sand layer.   
Table 10 Ammonium Concentration Results 
Date Sample Ammonium(ppm) 
2010-6-15 Loc 1 Up 47.06 
2010-6-15 Loc1 Down 0.35 
2010-6-15 Loc 2 Up 50.84 
2010-6-15 Loc 2 Down 0.94 
2010-10-27 Loc 1 Up   36.34 
2010-10-27 Loc 1 Down 9.22 
2010-10-27 Loc 2 Up   36.51 
2010-10-27 Loc 2 Down 1.47 
 
 
Figure 22 Ammonium Concentrations at MA Alternative Septic Test Center 
 
Nitrate 
Nitrate concentrations were also analyzed during the summer and fall visits to the Cape Cod 
Site.  The results are shown in Table 11 and in Figure 23.  These analyses showed that there is 
a very small amount of nitrate in the upstream samples, while there is very high level of 
nitrate in the downstream samples. The increased nitrate concentrations in the downstream 
locations likely result from the conversion of ammonium to nitrate. This confirms that a 
nitrification process is occurring within the unsaturated zone. However, when this is 
considered in the context of the nitrification reaction (without consideration of the 
denitrification process), the increase in nitrate is not sufficient to account for the decrease in 
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ammonium.  As such, it appears that a denitrification process is responsible for additional 
nitrate consumption. 
 
Table 11 Nitrate Concentration Results 
Date Sample Nitrate(ppm) 
2010-6-15 Loc 1 Up 0.73 
2010-6-15 Loc1 Down 100.3 
2010-6-15 Loc 2 Up 0.55 
2010-6-15 Loc 2 Down 121.5 
2010-10-27 Loc 1 Up   0 
2010-10-27 Loc 1 Down 135.19 
2010-10-27 Loc 2 Up   0 
2010-10-27 Loc 2 Down 98.01 
 
 
Figure 23 Nitrate Concentrations at MA Alternative Septic Test Center 
 
Phosphorus 
Phosphorus results include total phosphorus (TotP) and dissolved phosphorus (PO4
-). The 
results are shown in Table 12 and in Figures 24 and 25.  When comparing the plots in these 
figures, it appears that most of phosphorus exists as dissolved PO4. For both locations, the 
results show that there is a significant removal of phosphorus. The results indicate that the 
percent reduction in TotP for location 1 is approximately 45%, while the reduction is more 
than 60% for location 2. Since there is a greater reduction in TotP at location 2, it is likely that 
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the greater soil depth results in greater removal efficiency for phosphorus (as would be 
expected). As a result, it is still noted that increasing the soil depth and maintaining the 
distance between septic tank and groundwater level is of high importance for removing 
phosphorus. At present, regulations also have specific and strict regulations for this distance. 
 
Figure 24 Total P Concentrations at MA Alternative Septic Test Center 
 
Table 12 Dissolved PO4 Concentration Results 
Date Sample Dissolved PO4(ppm) 
2010-6-15 Loc 1 Up 19.55 
2010-6-15 Loc1 Down 13.9 
2010-6-15 Loc 2 Up 19.82 
2010-6-15 Loc 2 Down 11.43 
2010-10-27 Loc 1 Up   14.17 
2010-10-27 Loc 1 Down 11.22 
2010-10-27 Loc 2 Up   14.62 
2010-10-27 Loc 2 Down 7.41 
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Figure 25 Dissolved PO4 Concentrations at MA Alternative Septic Test Center 
 
TOC/DOC 
The analyses for organic carbon included dissolved organic carbon (DOC) and total organic 
carbon (TOC). Results are summarized in Tables 13 and 14, and are plotted in Figures 26 and 
27.  In general, organic compounds can be introduced by wastewater discharges or by 
degradation of vegetation in the environment.  (PennWell, 2005)  For this case, it is 
recognized that the wastewater discharges will introduce high concentrations of DOC and 
TOC. 
 
Results indicate that about 80 percent of organic carbon exists as dissolved organic carbon. 
Approximately 87 percent of TOC is removed in location 1, while about 96 percent of TOC is 
removed in location 2. The removal efficiency is similar for DOC.  
 
Table 13 TOC Results at MA Alternative Septic Test Center 
Date Sample TOC (mg/l) 
2010-10-27 Loc 1 Up   82.10 
2010-10-27 Loc 1 Down 10.93 
2010-10-27 Loc 2 Up   99.20 
2010-10-27 Loc 2 Down        3.98 
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Figure 26 TOC Results at MA Alternative Septic Test Center 
 
Table 14 TOC Results at MA Alternative Septic Test Center 
Date Sample DOC (mg/l) 
2010-10-27 Loc 1 Up   66.06 
2010-10-27 Loc 1 Down 9.88 
2010-10-27 Loc 2 Up   78.70 
2010-10-27 Loc 2 Down        3.74 
 
 
Figure 27 DOC Results at MA Alternative Septic Test Center 
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Bacteria 
Total coliform and Escherichia coli (E-Coli) are two important indicators of water quality. The 
number of total coliform provide an indicator of the water quality condition, while the  
presence of fecal coliform bacteria (as indicated in this case by E-Coli) indicates that the 
water has been contaminated by fecal material produced by humans or animal. The results are 
shown in Table 15 and in Figures 28 and 29.   The quantities at the upstream locations were 
very high, and out of range of the sampling technique.  Lower concentrations in the 
downstream locations show that there was a significant removal of bacteria.  The results at 
location 1 (in the 1-foot layer) show that there is significant variability in the coliform and e-
Coli results.  The results at location 2 are more consistent than those at location 1, and the 
maximum values at location 2 are lower than the maximum values for location 1.  This may 
show that an increased effectiveness (and stability) of bacteria removal exists in the 2-foot 
layer than in the 1-foot layer, which would be expected. However, due to the wide variability 
in the results, the data are not sufficient to confirm this. Additional analyses for bacteria are 
recommended to fully understand bacteria removal in these systems. 
 
Table 15 Bacteria Results on 10/27/2010 
Date 
 
Sample Time 
Coliform 
(cfu/100ml 
E-coli 
(cfu/100ml) 
2010-10-27 Loc 1 Up   Time 2 >2419.6 >2419.6 
2010-10-27 Loc 1 Down Time 1 488.4 3 
2010-10-27 Loc 1 Down Time 2 >2419.6 59.4 
2010-10-27 Loc 2 Up   Time 2 >2419.6 >2419.6 
2010-10-27 Loc 2 Down Time 1 307.6 17.1 
2010-10-27 Loc 2 Down Time 2 248.9 18.7 
 
Generally speaking, downstream results at time 1 have better results than time 2. Thus results 
at time 1 are chosen to draw graph to show a comparison with upstream.  
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Figure 28 Coliform Log Results at MA Alternative Septic Test Center 
 
 
Figure 29 E-coli. Log Results at MA Alternative Septic Test Center 
 
4.2 Modeling 
The field results provided a basis for additional modeling to understand the processes and 
transformation downstream of on-site disposal systems. For this research, the approaches 
include both inverse modeling and advective modeling. 
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4.2.1 Inverse Modeling 
Inverse models were used to characterize transformations occurring in the 1-foot and sand and 
2-foot sand layers for the field site at the Cape Cod Test Center. As discussed in the previous 
section, upstream samples were collected from wastewater just after it was discharged from 
the septic tank. The downstream samples are collected from drain pipes in sumps immediately 
after the wastewater passed through the sand layer. These upstream and downstream samples 
were used as input to an inverse model and provided a basis for determine the processes that 
could lead to the measured concentrations. Input data include pH, alkalinity, a set of cations 
and anions, and a set of potential phases and oxidation-reduction reactions that could explain 
the observed changes.  Possible chemical reactions were assumed to occur within the 
unsaturated zone. These reaction processes included ion exchange, precipitation, sorption and 
oxidation/ reduction/ reactions. The use of the inverse model provided an approach to 
determine whether our assumed processes were reasonable or not. 
4.2.1.1 Inverse modeling for summer for Location 1 
The input data for the final inverse modeling run for the June analysis for the 1-foot bed are 
shown in Table 16.  The input parameters include pH, alkalinity, pe, temperature.  Other 
constituents include total Ca, Mg, Na, K, Fe, Mn, Cl, S(6), S (-2), nitrate, nitrite, ammonium, 
phosphorus, oxygen and DOC.  A general value of 7 was sufficient for pe, since the model 
adjusts this parameter as required. The designations of S(6) and S(-2) represent SO4
- and S-2 
the forms (or oxidation states) that sulfur-based compounds may assume in the environment.  
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Table 16 Modeling Input Data at location 1 in Summer 
    Upstream Downstream 
 units    µmol/L µmol/L 
pH 6.82 5.52 
Alkalinity 5128 113.9 
pe 7 7 
Temp 20 20 
Ca 569 409 
Mg 133 125 
Na 1789 1464 
K 742 612 
Fe 18.75 1.86 
Mn 1.04 6.83 
Cl 1168 946 
S(6) 0.94 145 
S(-2) 11.66 0 
N(3) 0 2.17 
N_amm 2608.8 19.5 
N_nit 11.8 1753.6 
P 631.18 393.88 
O(0) 14.4 398.7 
Doc 11408.33 575.67 
 
After entering upstream and downstream concentration data, the inverse model simulation 
was completed. A series of reactions were assumed, corresponding to the potential processes 
that would be expected. The results are shown Table 17 and 18. These results include phase 
model transfers (Table 17) and oxidation-reduction (redox) model transfers (Table 18). The 
phase model transfers include the compound names, the moles transferred, and the chemical 
formula. Redox transfers represent oxidation reduction processes that include exchange of 
electrons. These processes include mole transfers for iron-III (listed as Fe (3)), Ammonium 
(listed as N (-3)), Nitrogen gas (listed as N(0)), total oxygen (listed as O(0)) and sulfide (listed 
as S(-2)).  
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Table 17 Modeling Phase Mole Transfer Results for location 1 in Summer 
Phase Name Chem. representation Phase mole transfers: 
CH2O     CH2O -5.798E-03 
DocH2O     DocH2O -7.573E-04 
Hydroxyapatite     Ca5(PO4)3OH -6.990E-05 
Vivianite     Fe3(PO4)2:8H2O -5.632E-06 
Gypsum      CaSO4:2H2O 1.324E-04 
MnX2      MnX2 5.791E-06 
NH4X      NH4X 1.849E-03 
HX     HX -1.861E-03 
 
 
Table 18 Redox Mole Transfers Results at Location 1 in Summer 
Species Redox mole transfers:     
Fe(3) 1.80E-05 
N(-3) 4.70E-03 
N(0) -3.05E-03 
O(0) -3.84E-04 
S(-2) 1.17E-05 
 
The results are shown graphically in figures 30 and 31. In figure 30, there are losses of CH2O 
(total organic carbon), DocH2O (dissolved organic carbon), Hydroxyapatite, Vivianite and 
HX. There are increases in Gypsum, MnX2 and NH4X.  The HX is only the pH adjustment to 
account for the hydrogen ion transfer in the surface exchange reactions. 
 
Figure 30 Sorption and Cation Exchange Reactions at location 1 in Summer 
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In figure 31, there is an increase in ferric iron, ammonium and sulfide and a loss of nitrogen 
gas and oxygen gas. This indicates that ammonium may be converted to nitrite and nitrate in 
the nitrification step, and then it may be reduced to nitrogen gas in the denitrification step. It is 
estimated that nitrification and denitrification may both occur within the unsaturated zone in 
summer.  
 
Figure 31 Redox Reactions at location 1 in Summer 
4.2.1.2 Inverse modeling for the fall for Location 1 
Results from samples collected in fall were also entered into the model. After completing 
simulations using the inverse model, the results are shown in Tables 19 and 20. Results are 
also plotted in Figure 32.  Figure 32 shows that CH2O and DOC are removed from solution. 
Table 19 Modeling Phase Mole Transfer Results at location 1 in Fall 
Phase Name Chem. representation Phase mole transfers: 
CH2O  CH2O -4.002E-03 
DocH2O DocH2O -4.822E-03 
Hydroxyapatite    Ca5(PO4)3OH -3.958E-05 
Vivianite     Fe3(PO4)2:8H2O -4.813E-06 
Sulfur      S 1.673E-05 
CaX2      CaX2 1.824E-04 
MnX2      MnX2 1.620E-06 
NaX      NaX 1.805E-04 
HX     HX -5.486E-04 
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Table 20 Redox Mole Transfers Results location 1 in Fall 
Species Redox mole transfers: 
Fe(3) 1.451E-05 
N(-3) 1.919E-03 
O(0) -2.668E-04 
S(-2) 2.141E-05 
 
 
Figure 32 Sorption and Cation Exchange Reactions at location 1 in Fall 
 
Figure 33 shows that ammonium, ferric ion and sulfide were removed from solution. Here, 
ammonium is converted to nitrite and nitrate, although the following reduction to nitrogen gas 
(as would be expected for denitrification) does not appear to be present in this case. If this is 
compared to the model results in summer, it appears that nitrogen gas is not generated in this 
condition, and it appears that the denitrification process is not occurring in the fall.  It is 
possible that temperature may influence the denitrification processes, although more 
information would be necessary to confirm this result. 
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Figure 33 Redox Reactions at location 1 for Fall Analysis 
4.2.1.3 Inverse modeling for the summer for Location 2 
Inverse model simulation results using data from samples collected in summer for the 2-foot 
sand layer are shown in Tables 21 and 22 and in Figures 34 and 35. In this case, as shown in 
Figure 34, there is a loss of CH2O, Hydroxyapatite, Pyrite, CaX2 and HX. In addition, there is 
an increase in Vivianite, MgX2, MnX2, Gypsum, NH4X and KX. 
 
Table 21 Modeling Phase Mole Transfer Results at location 2 in Summer 
Phase Name Chem. representation Phase mole transfers: 
CH2O CH2O -4.400E-03 
Hydroxyapatite Ca5(PO4)3OH -2.681E-01 
Vivianite Fe3(PO4)2:8H2O 4.021E-01 
Pyrite FeS2 -1.206E+00 
CaX2  CaX2 -1.072E+00 
MgX2 MgX2 9.748E-05 
MnX2  MnX2 1.001E-05 
Gypsum CaSO4:2H2O 2.413E+00 
NH4X NH4X 5.631E+00 
KX KX 1.578E-04 
HX HX -3.487E+00 
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Table 22 Redox Mole Transfers Results at location 2 in Summer 
Species Redox mole transfers: 
Fe(3) 9.144E-06 
N(-3) 5.632E+00 
N(0) -5.631E+00 
O(0) -3.272E-04 
S(-2) -2.413E+00 
 
 
Figure 34 Sorption and Cation Exchange Reactions at location 2  
for the Summer Analysis 
 
In figure 35, the plots show that there is an increase in ferric iron, ammonium and sulfide and 
a loss of nitrogen gas and oxygen gas (although the change in O(0) is very small). This 
indicates that both nitrification and denitrification processes occur in summer in location 2. 
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Figure 35 Redox Reactions at location 2 in Summer 
4.2.1.4 Inverse modeling in fall for Location 2 
Model results for 2-foot sand layer collected in fall are shown in Tables 23 and 24. As can be 
seen in Figure 36, there is a loss of CH2O, DocH2O, Hydroxyapatite, Vivianite, CaX2, NH4X, 
KX and HX. There is also an increase in Pyrolusite and MnX2.  
 
Table 23 Modeling Phase Mole Transfer Results at location 2 in Fall 
Phase Name Chem. representation Phase mole transfers: 
CH2O CH2O -4.970E-03 
DocH2O DocH2O -6.269E-03 
Hydroxyapatite Ca5(PO4)3OH -7.393E-05 
Vivianite Fe3(PO4)2:8H2O -3.386E-06 
Pyrolusite MnO2 2.381E-04 
CaX2 CaX2 -3.629E-03 
MnX2 MnX2 3.633E-03 
NH4X NH4X -6.568E-04 
KX KX -2.906E-04 
HX HX -6.795E-03 
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Table 24 Redox Mole Transfers Results at location 2 in Fall 
Species Redox mole transfers: 
Fe(3) 1.129E-05 
N(-3) 1.507E-03 
O(0) -1.875E-04 
S(-2) 2.521E-05 
 
 
Figure 36 Sorption and Cation Exchange Reactions at Location 2 in Fall 
In figure 38, the plot shows that there is an increase in ferric iron, ammonium and sulfide. 
This indicates that nitrification is occurring in fall, but denitrification is likely not occurring in 
the fall, which is similar with results for 1-foot layer.  
 
Figure 37 Redox Reactions at location 2 in Fall 
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4.2.1.5 Some conclusions from the inverse modeling 
The results of inverse modeling show that there is a greater decrease in the 2-foot sand layer at 
location 2 than the 1-foot sand layer at location 1. The increased depth of sand associated with 
the 2-foot sand layer does appear to increase the removal rate of a number of contaminants.  
 
When comparing the results for the summer and fall seasons, it was found that nitrogen gas 
was generated for summer analysis, but was not generated in fall analysis. Since nitrogen gas 
is the production of denitrification, one potential conclusion could be that denitrification 
occurs during summer but only at a small amount in the winter. It is possible that this 
phenomenon may be affected by the water temperature. In winter, the denitrification reaction 
is not observed perhaps because of the lower water temperature. At the same time, nitrate is 
produced both in summer and in winter, which means that the nitrification reaction exists 
during the whole year. Metal ions have different reactions. Iron and manganese ions could be 
precipitated as pyrite or pyrolusite with ions in solution. In addition, sorption and cation 
exchange could be observed within the unsaturated zone. Dissolved organic carbon and total 
inorganic carbon are also removed from the wastewater.  
4.2.2 Advective Modeling 
 Since some of the basic processes were known, an advective model could be developed for 
the Cape Cod site.  Accordingly, advective modeling was used to model the unsaturated zone 
for the Cape Cod site.  This model included a description of the unsaturated zone, use of 
input characteristics based on flow conditions and sand properties, and the production of 
effluent flows and concentration distributions. Wastewater was assumed to enter the sand 
layer from time 16 hr to time 24 hr. For the purpose of the model, the sand layer thickness is 
assumed to be 1 meter.  
4.2.2.1 Physical Characteristics 
The soil type used at the Cape Cod site was a standard sand that is normally used as a mix for 
concrete. The analysis made use of a sieve analysis, which has target values that are shown in 
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Figure 39. With this standard type of sand, a common model could be applied to describe the 
physical properties of the unsaturated zone.  Unsaturated conductivity has been commonly 
calculated using the Modified Kovacs (MK) model. Therefore, this model was initially used 
for this case. 
 
First a water retention curve was obtained by relating pressure to water content.  Then the 
conductivity is calculated by Modified Kovacs (MK) model, which is as follows: 
 
                                                                                                                            (16) 
 
                                                                                                                                                       (17) 
  
                                                                                                                                                          (18) 
 
where is the saturated conductivity 
  is the relative hydraulic conductivity, and 
  is the unsaturated conductivity 
 
The resulting curves are shown in Figures 38 and 39, and also in Table 25. The water retention 
curve is shown in Figure 38.  The final values of the saturated hydraulic conductivity are 
included in Table 25. As described in the methodology, the final distribution for the 
unsaturated hydraulic conductivity made use of the  
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Figure 38 Water Retention Curve 
 
Table 25 MK Calculated Unsaturated Conductivity 
Ө 0.05 0.1 0.15 0.2 0.25 0.3 0.35 
Kr 0.00045 0.00075 0.04082 0.11523 0.26071 0.52556 1 
Ku(cm/d) 0.32012 5.34763 29.0997 82.13683 185.83711 374.61612 712.8 
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Figure 39 Soil Type Sieve Analyses 
 
4.2.2.2 Flow Characteristics 
Flow characteristics simulated using Hydrus-1D are shown in Figures 41 and 42.  These 
figures were generated using the Hydrus-1D graphing tool. Figure 40 shows a general 
schematic to illustrate the locations or observation points which are selected for plotting time 
distributions.  As viewed from top to bottom in this figure, five points are selected with a 25 
cm distance between each point. The plots include curves for five elevations, with each 
elevation corresponding to a different plot on the curve: point 1 is shown as a black solid line, 
point 2 is shown as a blue dashed line, point 3 is shown as a green dashed, single-dotted line, 
point 4 is shown as a green dashed, double-dotted line, and point 5 is shown as a grey dotted 
line. In Figure 41, the variation of pressure head with time is shown.  The largest response is 
at the surface (point1) and, because of transport in the unsaturated zone, smaller responses are 
observed at the other points. The largest changes occur between hours 16 and 24, when it is 
assumed that the effluent from the septic tank is being discharged from the tank. 
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Figure 40 Unsaturated Zone Concepts 
 
 
Figure 41- Hydrus1-d Modeling Results: Pressure Head 
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Figure 42- Hydrus1-d Modeling Results: Moisture content 
The variation of moisture content with time is shown in Figure 42. The initial moisture is an 
arbitrarily set at 0.115.  It increases at 16 hours, due to the start of the discharge of wastewater 
at the surface of the sand bed. The discharge is turned off at 24 hours, so the moisture contents 
decrease again.  The delay in the responses of the other curves is a result of the flow in the 
unsaturated zone. 
4.2.2.3 Transport Characteristics 
A simple analysis was completed to illustrate the characteristics of transport predicted by the 
HP1 model.  The HP1 model includes the Hydrus-1D model to provide estimates of flow, and 
the PHREEQC package to provide estimates of transport.  The initial predictions for 
ammonium and nitrate are included for the purposes of this thesis.  The resulting plots, shown 
in Figures 43 and 44, were generated with the graphing tool in the Hydrus-1D software.  First, 
the ammonium concentration is shown in Figure 43. The initial concentration at the point near 
the surface (Point 1) quickly increases after the wastewater discharge starts at 16 hours.   The 
ammonium concentrations at the other sites are all very low.  This results from sorption of 
ammonium and also from nitrification of ammonium.   
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Figure 43 HP1 Modeling Results: Concentration of ammonium 
 
 
Figure 44 Initial HP1 Modeling Results: Concentration of nitrate 
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The plot of nitrate in Figure 44 shows that nitrate increases near the surface at Point 1.  Nitrate 
also increases at the other locations, but these concentrations are very smaller (and much 
smaller than the values observed in the field for the 1-foot and 2-foot layers).  These 
differences could be because the model is under-predicting the ammonium transport into 
lower layers, is underestimating nitrification, or is overestimating denitrification.  Additional 
research is required to develop a full advective transport model to describe these processes. 
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5. Summary and Conclusions 
This research included field sampling, laboratory analyses, inverse modeling and advective 
modeling to understand the transport and transformations associated with wastewater 
discharges from septic systems.  Samples were collected from two sites: one site was on the 
Fort Pond Brook, a small stream in Acton, MA that is tributary to the Assabet River; the 
second site was at the Cape Cod Alternative Septic Test Center in Falmouth, MA. For the 
Acton site, nutrient loads to the stream were estimated.  For the Cape Cod site, the inverse 
and advective models were used to analyze the transport and transformation process within 
the unsaturated zone immediately downstream of the wastewater effluent discharge.  
 
For the stream in Acton, MA, pH, alkalinity, dissolved oxygen, nitrate, ammonium and 
fluorescent whitening agents were tested for two different times of the year. At the Cape 
Cod site, samples were collected upstream and downstream of one-foot and two-foot sand 
layers which are used to filter effluent from septic tank. Samples at this site were collected 
in different seasons (winter and summer). For this site, pH, alkalinity, dissolved oxygen, 
TSS, ammonium, nitrate, total/dissolved phosphorus, TOC/DOC, bacteria and other ions 
were tested.  
 
The inverse modeling provided an approach for defining key transformations. Results from 
Cape Cod Test Center can be used to understand loads and impacts of on-site disposal 
systems on groundwater and surface water bodies.  At the Cape Cod Site, these analyses 
showed that the denitrification reaction was occurring during summer time but not in the 
winter.  At the same time, nitrate is produced both in summer and in winter, which means 
that the nitrification reaction is an important process at the site. Metal ions have a variety of 
complex reactions. For example, iron and manganese could be precipitated as pyrite or 
pyrolusite with ions in solution. There were also exchanges of cations between the aqueous 
solution and the sand particles. These exchanges are considered to have some impact on the 
overall water quality and on the ammonium sorption. 
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Advective modeling shows that contaminants are removed in the sand layer. Field results 
showed that ammonium and phosphorus decreased significantly in the 1 meter sand layer.  
Although the advective model simulations were not developed to provide the detailed 
chemistry and exchange processes affecting these transformations, the simulations did show 
the nature of the trends expected in the leaching field of a septic system.  They also prove a 
basis for further consideration of the changes that may occur in time and in depth, which is 
helpful when determining the distance that is required for setting up a septic system.  
 
Finally, it also confirmed that the sand layers do serve as good media to remove nutrients. 
All of these results provide a basis for understanding the impacts of septic systems on 
surface waters, and subsequently developing better approaches for reducing the impacts of 
these discharges. The next steps would involve more  detailed geochemical transport 
modeling to understand the transformations associated with on-site disposal detailed 
application of the results obtained at small scales (e.g. at the septic system scale, as shown 
by the Cape Cod case study) to the larger, or sub-watershed, scale associated with 
residential communities such as Acton. Additional water quality concerns to be considered 
include the transformations associated with bacteria, pharmaceuticals, and other emerging 
contaminants.  These concerns and many other questions remain in regards to the 
contaminant and nutrient transformations associated with effluent discharges from septic 
system and their overall influence to water quality in groundwater and surface water 
systems.  This project provides a start to addressing these other questions.    
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APPENDIX A 
Water Quality Data in Acton 
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Table 26 MA Septic Test Center Water Quality Results 
Date   Time pH TSS(g/L) 
10/19/2009 Station 5- Martin 7:20 AM 6.3   
10/20/2009 Station 2- Central Up 8:26 AM 6.24 0.00745 
10/20/2009 Station 5- Martin 8:30 AM 6.32 0.00397 
10/21/2009 Station 2- Central Up 7:47 AM 6.29   
10/21/2009 Station 3- Mass Ave 7:45 AM 6.49   
10/21/2009 Station 4- Central Down 7:40 AM 6.39   
10/21/2009 Station 5- Martin 7:30 AM 6.46   
4/27/2010 Station 1- Idlewilde   6.48   
4/27/2010 Station 2- Central Up   6.55 0.0054 
4/27/2010 Station 3- Mass Ave   6.52 0.0045 
4/27/2010 Station 4-Central Down   6.47 0.0024 
4/27/2010 Station 5-Martin   6.54 0.0030  
 
Date   Fluor DO Ammonium(ppm) 
10/19/2009 Station 5- Martin 264 12.1   
10/20/2009 Station 2- Central Up 266 2.46 0.25739 
10/20/2009 Station 5- Martin 248 12.28 0.18609 
10/21/2009 Station 2- Central Up 252 7.5 0.22783 
10/21/2009 Station 3- Mass Ave 251   0.32696 
10/21/2009 Station 4- Central Down 233   0.24174 
10/21/2009 Station 5- Martin 240   0.27826 
3/4/2010 Station 5-Martin 146.68     
4/27/2010 Station 1- Idlewilde 175.68   0.21417 
4/27/2010 Station 2- Central Up 176.68 6.59 0.2657 
4/27/2010 Station 3- Mass Ave 179.68 6.14 0.26087 
4/27/2010 Station 4-Central Down 186.68 3.71 0.22061 
4/27/2010 Station 5-Martin 198.68     
 
Date   Nitrate (ppm) 
4/27/2010 Station 1- Idlewilde 0.48 
4/27/2010 Station 2- Central Up 0.34 
4/27/2010 Station 3- Mass Ave 0.83 
4/27/2010 Station 4-Central Down 0.59 
4/27/2010 Station 5-Martin 0.10 
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APPENDIX B 
Water Quality Data in MA Alternative Septic Test Center 
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Table 27 MA Septic Test Center Water Quality Results 
Date   pH Alk Alk (mg/L) TSS(g/L) 
6/15/2010 Loc 1 Up 6.82 5.1282 256.62 0.06283 
6/15/2010 Loc 1 Down 5.52 0.1139 5.7 0.00781 
6/15/2010 Loc 2 Up 6.61 4.2813 214.24 0.11736 
6/15/2010 Loc 2 Down 3.81 0 0 0.00116 
 
Date   Ca (ppm) Mg (ppm) K (ppm) Na (ppm) 
6/15/2010 Loc 1 Up 22.8 3.225 29.02 41.13 
6/15/2010 Loc 1 Down 16.4 3.033 23.93 33.65 
6/15/2010 Loc 2 Up 9.91 2.736 26.93 42.17 
6/15/2010 Loc 2 Down 15.9 4.257 23.96 26.29 
 
Date    Mn (ppm) Fe (ppm) F (ppm) Cl (ppm) 
6/15/2010 Loc 1 Up 0.057 1.047 0.23 41.4 
6/15/2010 Loc 1 Down 0.375 0.104 0.84 31.43 
6/15/2010 Loc 2 Up 0.043 0.822 0.24 42.21 
6/15/2010 Loc 2 Down 0.579 0.072 0.67 23.99 
 
Date   SO4 (ppm) Br (ppm) NO2 (ppm) NO3 (ppm) 
6/15/2010 Loc 1 Up 0.09 0.12 1.86 0.73 
6/15/2010 Loc 1 Down 15.68     100.3 
6/15/2010 Loc 2 Up 1.89 0.13 0.51 0.55 
6/15/2010 Loc 2 Down 39.28 0.09 ND 132.66 
 
Date   TOTP (ppm) Dissolved PO4 (ppm) DO (ppm) 
6/15/2010 Loc 1 Up 20.9 19.55 0.23 
6/15/2010 Loc 1 Down 11.61 13.9 6.38 
6/15/2010 Loc 2 Up 22.77 19.82 0.3 
6/15/2010 Loc 2 Down 8.42 8.56 5.44 
 
Date   Ammonium(ppm) Sulfide (ppm) 
6/15/2010 Loc 1 Up 47.0579 1.12 
6/15/2010 Loc 1 Down 0.3522 0.03 
6/15/2010 Loc 2 Up 50.8383 0.75 
6/15/2010 Loc 2 Down 0.939 0.02 
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Date     pH Alk AlK( mg/L) 
10/27/2010 Loc 1 Up   Time 2 6.88 4.4524 222.8 
10/27/2010 Loc 1 Down Time 1 5.31 0.0333 1.67 
10/27/2010 Loc 1 Down Time 2 6.27 0.6374 31.9 
10/27/2010 Loc 2 Up   Time 2 6.85 4.4493 222.64 
10/27/2010 Loc 2 Down Time 1 4.2 0 0 
10/27/2010 Loc 2 Down Time 2 4.11 0 0 
 
Date     Ca (ppm) Mg (ppm) K (ppm) 
10/27/2010 Loc 1 Up   Time 2 10.6 2.343 24.31 
10/27/2010 Loc 1 Down Time 1 10.5 2.425 19.19 
10/27/2010 Loc 1 Down Time 2 8.9 2.079 21.81 
10/27/2010 Loc 2 Up   Time 2 9.63 2.262 23.88 
10/27/2010 Loc 2 Down Time 1 6.03 2.126 15.24 
10/27/2010 Loc 2 Down Time 2 5.42 1.999 15.16 
 
Date     Na (ppm)  Mn (ppm) Fe (ppm) 
10/27/2010 Loc 1 Up   Time 2 44.04 0.018 0.893 
10/27/2010 Loc 1 Down Time 1 44.27 0.177 0.061 
10/27/2010 Loc 1 Down Time 2 47.05 0.107 0.087 
10/27/2010 Loc 2 Up   Time 2 37.8 0.012 0.649 
10/27/2010 Loc 2 Down Time 1 38.96 0.233 0.087 
10/27/2010 Loc 2 Down Time 2 41.21 0.229 0.082 
 
Date     F (ppm) Cl (ppm) SO4 (ppm) 
10/27/2010 Loc 1 Up   Time 2 0.45 32.36 12.37 
10/27/2010 Loc 1 Down Time 1 0.39 29.81 14.09 
10/27/2010 Loc 1 Down Time 2 0.47 13.01 8.21 
10/27/2010 Loc 2 Up   Time 2 0.48 31.68 13.48 
10/27/2010 Loc 2 Down Time 1 0.37 34.31 16.45 
10/27/2010 Loc 2 Down Time 2 0.4 35.08 17.35 
 
Date   NO3 (ppm) 
Dissolved 
PO4 (ppm) 
DO (ppm) 
10/27/2010 Loc 1 Up   Time 2 0 20.1 0.81 
10/27/2010 Loc 1 Down Time 1 101.07 16.29 7.27 
10/27/2010 Loc 1 Down Time 2 41.84   4.67 
10/27/2010 Loc 2 Up   Time 2 0 21 0.53 
10/27/2010 Loc 2 Down Time 1 89.09 13.23   
10/27/2010 Loc 2 Down Time 2 98.01 14.95   
 
92 
 
Date     Ammonium(ppm) Sulfide (ppm) TOC(mg/L) 
10/27/2010 Loc 1 Up   Time 2 36.3393 0.5 82.1 
10/27/2010 Loc 1 Down Time 1 9.2187 0.03 10.93 
10/27/2010 Loc 1 Down Time 2 6.4916 0.05 9.99 
10/27/2010 Loc 2 Up   Time 2 36.5066 2.46 99.2 
10/27/2010 Loc 2 Down Time 1 1.4696 0.04 3.977 
10/27/2010 Loc 2 Down Time 2 1.5131 0.04 3.775 
 
Date     DOC (mg/L) Caliform Ecoli 
10/27/2010 Loc 1 Up   Time 2 66.06 >2419.6 >2419.6 
10/27/2010 Loc 1 Down Time 1 9.88 488.4 3 
10/27/2010 Loc 1 Down Time 2 8.226 >2419.6 59.4 
10/27/2010 Loc 2 Up   Time 2 78.7 >2419.6 >2419.6 
10/27/2010 Loc 2 Down Time 1 3.744 307.6 17.1 
10/27/2010 Loc 2 Down Time 2 3.515 248.9 18.7 
 
